Birefringence-induced Spectral Features in Continuous-wave and Passively Mode-locked Ti: Sapphire Lasers by Ci-Ling Pan
November 1, 1992 / Vol. 17, No. 21 / OPTICS LETTERS 1547
Birefringence-induced spectral features in continuous-wave
and passively mode-locked Ti:sapphire lasers
Ci-Ling Pan, Chin-Der Hwang, Jahn-Chung Kuo, and Jia-Min Shieh
Institute of Electro-optical Engineering, National Chiao Tung University, Hsinchu, Taiwan 300, China
Kaung-Hsiung Wu
Department of Electrophysics, National Chiao Tung University, Hsinchu, Taiwan 300, China
Received July 23, 1992
We show that the transient spectrum of a continuous-wave Ti:sapphire laser during the initial stage of the
buildup, which exhibits multiple clusters (of longitudinal modes), is due to the spectral windowing effect of the
Brewster-angle-cut Ti:sapphire crystal, which acts as a birefringent filter in the laser cavity. This effect is also
responsible for certain spectral features of a passively mode-locked Ti:sapphire/DDI laser.
In our recent study on spectral evolution character-
istics of homogeneously broadened lasers, with a cw
Ti:sapphire laser as an example,' we found that the
spectrum consists of multiple clusters of longitudinal
modes in the initial stage of the buildup. In the
steady state a single-cluster spectral distribution is
observed, as expected. In this Letter we present
further experimental data that conclusively prove
for the first time, to our knowledge, that this
phenomenon is due to the spectral windowing effect
of the Brewster-angle-cut Ti:sapphire crystal, which
acts as a birefringent filter in the cavity. While
the effect of birefringence on the tuning behavior
of single-mode crystalline lasers is well known,
experimental observation of this effect for Ti:sapphire
has never been reported. The time-gating method
employed by us is also a convenient new method
for the evaluation of the effect of the birefringent
gain media in a bare cavity without actually tuning
the output wavelength of the laser with additional
tuning elements. On the other hand, mode-locked
Ti:sapphire lasers typically also employ Brewster-
angle-cut laser crystals in the cavity. If the c axis
of the laser rod is not aligned with polarization of
the laser, the birefringent filtering effect mentioned
above will manifest itself. One should also consider
the nonlinear rotation of the polarization ellipse
that is due to self-phase-modulation and cross-
phase-modulation effects in the Ti:sapphire crystal,
which is an optical Kerr medium. In fact, it
is generally believed that the physical origin of
the self-mode-locked Ti:sapphire laser2 is associated
with self-focusing in the laser crystal. Pich6 et al.3
have suggested that the birefringent properties of
the Ti:sapphire crystal could lead to coupled-cavity
effects, and this can be used for mode locking. This
mechanism was thought to aid in the production of
pulses by an actively mode-locked Ti:sapphire laser4
that were shorter than the limit predicted by the
Kuizenga-Siegman theory.5 Mode locking by the
nonlinear rotation of the polarization ellipse of a
Kerr material (CS2 or C6H5NO2) in the Nd:glass
laser cavity was first described by Dahlstrbm.6 A
similar scheme was recently used for self-sustained
mode locking of a Nd:glass fiber laser. 7 An explicit
confirmation of the birefringent filtering effect is
thus important for understanding the pulse-forming
dynamics of mode-locked solid-state lasers. In this
Letter we also identify for the first time to our
knowledge birefringence-induced features of tran-
sient and steady-state spectra of a picosecond and
femtosecond passively mode-locked Ti:sapphire/DDI
laser. The absence of these features in the steady-
state spectrum of a femtosecond passively mode-
locked Ti:sapphire laser is also explained for the first
time to our knowledge.
The experimental setup for measurement of the
transient spectrum of a cw Ti:sapphire laser is the
same as in our previous research.' The cavity con-
figuration of the cw Ti:sapphire laser consists of four
mirrors with a standard Brewster-angle-cut, 0.05%-
doped Ti:A12 03 crystal (Union Carbide). One of the
laser crystals used is 2 cm in length, and the other
one is 8 mm in length. We have not employed any
bandwidth-limiting or tuning elements in the cavity.
The radii of curvature of the two focusing mirrors
are 15 cm. The transmittance of the output mirror
is 2%. When pumped by a 5-W cw Ar+ laser, the
Ti:sapphire laser with a 2-cm-long crystal has rou-
tinely produced a stable cw output of 200 mW. The
output of the cw Ar+ laser is mechanically chopped to
obtain 600-Hz square pulses with a FVVHM of 800 jus
and a rise time of 30 1as. The Ti:sapphire laser out-
put is fed to a monochromator and detected by a
gateable photomultiplier tube with a gate of 300 ns.
Signal averaging is performed by a boxcar integrator
with a 500-ns gate. By scanning the monochromator
at a selected delay time and then delaying these two
synchronous gates with respect to the onset of laser
action, we can measure the laser spectrum from the
initial stage of spectral evolution to the steady state.
The relaxation oscillation in the output intensity of
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Fig. 1. Output spectrum of the cw Ti:sapphire laser with
a 2-cm-long laser crystal at the first peak of the relaxation
oscillation.
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Fig. 2. Same as Fig. 1 except that the
Ti:sapphire crystal is 0.8 cm.
the laser is also monitored by a fast detector at the
same time.
The laser output spectrum is measured at the tem-
poral position of the first relaxation oscillation peak.
Figure 1 illustrates the spectrum of the Ti:sapphire
laser with a 2-cm-long crystal. Multiple clusters of
longitudinal modes (unresolved) are observed. The
wavelength of the strongest cluster is 788 nm. The
spectral separation between the two neighboring clus-
ters is -3.6 nm. With a 0.8-cm-long crystal in the
laser cavity, as shown in Fig. 2, we find that the
wavelength of the strongest cluster and the spec-
tral separation between the two neighboring clusters
are =786 nm and =9.2 nm, respectively. The peak
wavelengths as well as the spectral separations of
the clusters for the laser with the 2-cm-long crystal
and the 0.8-cm long crystal do not change when the
cavity length or the pumping power is changed. As
expected, the number of clusters present in the initial
stage increases as we increase the pumping power.
We have now identified the phenomenon described
above as the spectral windowing effect of the
Brewster-angle-cut Ti:sapphire crystal as a birefrin-
gent filter in the cavity. The Ti:sapphire crystal
obtained from Union Carbide is cut such that its
c axis is normal to the rod axis, i.e., the Z axis
in Fig. 3. The Z axis is also the optical axis of
the laser cavity. For higher gain, the Ti:sapphire
crystal is typically cut such that the c axis is parallel
to the incident plane. This plane is defined by
the z axis and the p polarization of the Brewster-
cut surfaces of the laser crystal, i.e., the x-z
plane or the x'-z' plane in Fig. 3. In practice, the
laser crystal may be cut such that the c axis is
not exactly on the incident plane but at a small
azimuth angle qS with respect to the direction of
p polarization of light, i.e., the x' axis in Fig. 3. If
the polarization of the laser beam in the Ti:sapphire
crystal is not exactly parallel or perpendicular to the
rod c axis, the crystal acts as a birefringent plate
between two polarizers. It can be analyzed by using
the standard Jones matrix formalism.8 When the
incoming beam enters the birefringent crystal rod
whose c axis is out of or not perpendicular to the
plane defined by the optical axis of the laser cavity
and p polarization of the Brewster surfaces, it will
be split into an ordinary and an extraordinary wave.
After coordinate transformation, the light beam can
be decomposed into a linear combination of the
eigenwaves. If it is assumed that the crystal is
oriented at an azimuth angle / with respect to the
polarization direction of light propagating in it and
that the spatial separation of the emerging light rays
owing to birefringence is small, the transmittance of
the crystal is given by
T = 1 - sin 2 (20)sin 2(8/2), (1)
where 8 is a measure of the relative change in phase
of the two eigenmodes, 8 = (2ir/A)(n~d0 - nede). In
Eq. (1), we assume a polarization contrast of 100%.
On a single pass, the Brewster-cut ends of the
laser crystal will remove only approximately 20% of
the s wave. Because of the polarization-dependent
loss, the resonant laser modes are expected to be
p polarized after several tens of round trips in the
cavity. For our laser, the measured polarization
contrast is better than 100:1 at both the temporal
position of the first relaxation oscillation peak
and the steady state. The expression also neglects
the birefringent gain effect, which is small for
Ti:sapphire.4 The values of the ordinary refractive
index, no, and the extraordinary refractive index,
ne, are 1.760 and 1.752, respectively.9 Ignoring the
spatial splitting of the laser beam that is due to
double refraction, we find that the path lengths
traversed by the ordinary and extraordinary waves
in the crystal rod are roughly equal, do de, and are
equal to the length of the Ti:sapphire crystal. When
T (normalized to the incident intensity) is equal to
unity, the birefringent crystal would neither alter
nor attenuate the incident p-polarized light wave.
The wavelength for which this relation holds will be
the most likely to lase. Examining Eq. (1), we find
that T is unity whenever the condition 0 = mwr/2
is satisfied, where m is an integer. This condition
does not give rise to the spectral windowing effect.
The other condition for which T is unity occurs when
y V~~~~~~
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Fig. 3. Geometry of the problem: an optical beam
traversing a Ti:sapphire crystal cut such that the c
axis is at a small azimuth angle 0 with respect to the
p polarization, i.e., the x' axis.
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Fig. 4. Steady-state spectrum of picosecond (solid curve)
and femtosecond (dashed curve) pulses from a passively
mode-locked Ti:sapphire/DDI laser.
8 = 2m7r. In this case, the free spectral range AA of
the birefringent filter is given by
A 2
A A don-d0 - (2)
Using the parameters given above, we find that AA -
3.9 nm and =9.6 nm for the laser with the 2-cm-
long and 0.8-cm-long crystal, respectively. These are
in good agreement with our experimental data, as
shown in Figs. 1 and 2. In addition, the ratio of free
spectral ranges for the two cases is 0.4 as calculated
with Eq. (2) and is 0.39 as measured experimentally.
The small shift in wavelength of the strongest cluster
can also be explained in light of Eq. (1).
We have recently presented steady-state spectra
of picosecond and femtosecond passively mode-locked
Ti:sapphire/DDI lasers at different dye concentra-
tions.'0 The birefringence-induced features of these
spectra are identified here for the first time to
our knowledge. The mode-locked laser employs the
same 20-mm-long crystal as the gain medium and
an organic dye (DDI) at 5 X 10-4 M as the saturable
absorber. The cavity consists of the same four
mirrors as in the cw research, with the addition of
a folding section for the absorber jet with mirrors
of 5-cm radii of curvature. When it is pumped at
5 W by an argon-ion laser, the laser generates 4-6-ps
pulses without the compensating prism pair (SF-10)
and 150-fs pulses with the prisms. Birefringence-
induced clusters, separated by =3.3 nm, can be
clearly identified in the steady-state spectrum of
the picosecond pulse (Fig. 4, solid curve). One also
notes that the ratio of the peak height to the
valley is greatly reduced as compared with that
in Figs. 1 and 2. In contrast, the spectrum for
the femtosecond pulse is free of birefringence-
induced features and can be fitted by the sech2
function with a FWIHM of =8 nm (Fig. 4, dashed
curve). It is possible to understand qualitatively
the phenomena described above: The difference in
transit time along the ordinary- and extraordinary-
polarization axes is of the order of 1 ps for the
20-mm-long rod. Such delay destroys completely
any interference effect between the orthogonally
polarized components of the electric field of the
femtosecond pulse. As a result, the steady-state
spectrum of the femtosecond Ti:sapphire/DDI laser
does not have birefringence-induced features. For
steady-state picosecond pulses, incomplete interfer-
ence accounts for the peaks and also the reduced con-
trast. As the laser evolves from its onset to steady-
state femtosecond pulses, the transient spectra (e.g.,
at the temporal position of the first relaxation oscilla-
tion peak) exhibit two birefringence-induced clusters
at 788.6 and 785.3 nm. At this time, the laser still
operates in the cw mode, as the circulating energy
in the cavity has not yet been built up sufficiently
to bleach the dye absorber. These features remain
while the long-wavelength portion of the spectrum
gradually builds up, as the laser first becomes mod-
ulated and mode locked approximately 100 /,ts after
the first relaxation oscillation peak. As the pulse
shortens, the steady-state symmetric spectrum with
a peak wavelength of = 793.3 nm as shown in Fig. 4
eventually establishes itself.
In summary, we have experimentally verified for
the first time to our knowledge that a Brewster-
angle-cut Ti:sapphire crystal acts as a birefringent
filter in a cavity. A simple analysis is used to
calculate the free spectral range of this filter, and
the results are in good agreement with the experi-
mentally observed spectra. The time-gating tech-
nique has been demonstrated as a convenient new
method for the evaluation of birefringent properties of
crystalline solid-state lasers. Birefringence-induced
spectral features have also been identified in the
steady-state and transient spectra of picosecond and
femtosecond pulses, respectively, from a passively
mode-locked Ti:sapphire/DDI laser. This indicates
that the spectral filtering effect must be taken into
account to understand the pulse-forming dynamics of
mode-locked Ti:sapphire laser.
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